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TemperatureThe effect of temperature on the crack onset strain (COS) of brittle coatings on polymer substrates was
investigated through a series of temperature-controlled tensile tests carried out in situ under an optical
microscope. It was observed that the failure of such materials under tensile strain was strongly affected by
temperature, but the exact behaviour was heavily dependent upon the type of material used. Below the glass
transition temperature, Tg, of the polymer substrate, an increase in temperature led to a decrease in crack
onset strain. Above the Tg, the substrate softening effects and corresponding shrinkage behaviour had a
presiding role, leading to an increase in COS at elevated temperatures. The experimental COS data were
modelled as a linear superposition of an intrinsic COS and the internal strain taking into consideration the
respective inﬂuences of temperature dependent energy release rate for crack propagation and thermal
expansion behaviour. Using adjustable values of the coefﬁcient of thermal expansion and toughness of the
coating, the model was found to accurately reproduce the change of COS with temperature of two different
coatings on aromatic polyester substrates. The proposed approach enables, for any thin ﬁlm composite with
known material properties, the COS at any given temperature to be predicted.l rights reserved.© 2011 Elsevier B.V. All rights reserved.1. Introduction
Brittle coatings such as inorganic gas-barrier layers, anti-corrosion
layers and thin conductive coatings on ﬂexible polymer substrates are
ﬁnding ever increasing applications in diverse ﬁelds, from packaging
and food applications [1] to optical components and ﬂexible electronic
and photovoltaic devices [2–4]. Mechanical integrity is an important
consideration in the design, manufacture and operational life of such
components. Often the processing of these composite ﬁlms requires
that the multilayer structures are subjected to thermo-mechanical
loads, especially in the case of roll-to-roll processing. During such
operations, there is a risk of damaging the brittle layers, thus reducing
device performance.
The cracking behaviour of brittle ﬁlms on various substrates at
ambient temperatures has been well studied from both theoretical
and experimental approaches. Theoretical descriptions are detailed in
the comprehensive work of Hutchinson and Suo [5] with further
developments to describe the failure of thin ﬁlms on polymer
substrates (e.g. [6]). Experimentally, a large volume of work has
been carried out on the failure behaviour of coating layers of a wide
range of properties on a variety of substrates, mainly metallic [7–9]
and polymeric [10–16]. The failure of these coatings has been
observed by optical microscopy, electron microscopy [17,18] andelectrical resistance measurements [19–21], and the mechanics of
crack initiation and propagation in a coating/substrate system arewell
understood [5,22].
Interestingly, there have been few studies into the temperature
dependence of the cracking process, yet temperatures well above
100 °C are often encountered, especially during processing. Yanaka et
al. [13], conducted a series of experiments to explore the effect of
temperature on the cracking of a SiOx coating on a polyethylene
terephthalate (PET) substrate over a range from 26 °C to 150 °C. They
observed that the number of tensile cracks at a given strain level
decreased with increasing temperature, but noted that the strain at
coating failure, also termed crack onset strain (COS), remained
constant over the entire temperature range tested. This result is
intriguing since tensile thermal stresses are expected to develop as
the temperature is increased since the coefﬁcient of thermal
expansion (CTE) of the polymer substrate is usually higher than that
of the inorganic coating, implying a decrease in the COS. In addition,
softening of the polymer substrate upon heating is likely to change the
energy release upon crack propagation, and hence the COS [5]. In the
case of ultrathin coatings, with thickness in the sub-micron range, the
analysis of the temperature inﬂuence on coating damage is, however,
challenging. On the one hand the relevant material properties such as
toughness and CTE are usually unknown. On the other hand the
resolution of crack initiation and propagation under load requires
in-situ methods, in which accurate thermal control is often difﬁcult.
In the present work we looked at the effect of temperature on the
cohesive failure of coatings on polymer substrates, with attention paid
Fig. 1. Stress singularity exponent function s (open symbols: tabulated values in [23];
dashed line: Eq. 6) and non-dimensional energy release rate g (closed symbols:
tabulated values in [23]; solid line: Eq. 5).
4250 J.H. Waller et al. / Thin Solid Films 519 (2011) 4249–4255to the respective inﬂuence of temperature-dependent energy release
effects and thermal stresses. The objective was to present a model to
enable the COS to be predicted for any coating-layer systemwhere the
thermo-mechanical properties of the components are known.
2. Theoretical inﬂuence of temperature on crack onset strain
The linear superposition shown in Eq. (1) predicts that the COS of a
coating is governed by the intrinsic crack onset strain (COS⁎) and the
internal strain (εi), both temperature dependent variables, each of
which will be considered in the following sections.
COSðTÞ ¼ COSðTÞεiðTÞ ð1Þ
The negative sign in the equation is a convention: tensile strains
are positive and result in a decrease of COS, and vice-versa for
compressive strains.
2.1. Calculation of the temperature-dependent intrinsic crack onset
strain
The tensile failure of coatings leads to the formation of cracks, and
the energy release rate (ERR) during propagation of these cracks, Gss,
is related to the coating/substrate elastic contrast as expressed by the
non-dimensional ERR g(α;β), the integral of the crack opening
displacement [23]:
Gss =
1
2
σ2c hc
Ec
πg α;βð Þ ð2Þ
where σc is the coating stress, hc and Ēc=Ec/(1−νc2) are the thickness
and plane strain modulus of the coating (Ec and νc are the Young's
modulus and Poisson's ratio of the layer). The ERR, g, is a function of
the Dundurs parameters α and β which describe the elastic contrast
between the substrate and the coating [24]. In the case of plane strain
problems:
α =
Ec−Es
Ec + Es
and β =
μc 1−2νsð Þ−μs 1−2νcð Þ
2μc 1−νsð Þ + 2μs 1−νcð Þ
ð3Þ
where Ēs=Es/(1−νs2) is the plane strain modulus of the substrate (Es
and νs are the Young's modulus and Poisson's ratio of the substrate),
and μc=Ec/(2+2νc) and μs=Es/(2+2νs) are the shear moduli of the
layer and substrate, respectively. For layers with same properties as
their substrate, α=β=0. A stiff layer on a soft substrate results in
α→1, whereas a soft layer on a stiff substrate results in α→–1. The
function g is primarily dependent on parameter α, which is therefore
more representative of layer/substrate elastic contrast than parameter
β. For most layer/substrate combinations 0bβbα/4 and in the present
work we used β=0.
The intrinsic crack onset stress was obtained by equating Gss from
Eq. (2) with the toughness of the coating Gc [6]. The corresponding
COS* was thus expressed as:
COS Tð Þ =
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2Gc
Echcπg αðTÞ;βðTÞð Þ
s
ð4Þ
This approach requires that coating ﬂaws larger than a minimum
length are present for the steady-state cracking conditions to apply.
This will be checked in Section 4.4. The temperature dependence of
the COS⁎ arises from the temperature dependence of the elastic
contrast function g. An approximation of g was used (correlation
coefﬁcient R=0.9856) by setting the ﬁt parameter λ=0 andnormalized crack length a/hc=1 (hc is the coating thickness) as
deﬁned in [23]:
g α;βð Þ≈−2:5155 b2−2s 1
2−2s−
b
3−2s
  b = 0
b = 1
=
2:5155
2−2sð Þ 3−2sð Þ ð5Þ
where s is a stress singularity exponent function of α and β [25]. The
function s is almost independent of β for αN0.5 and was approxi-
mated from the tabulated data in [23] (correlation coefﬁcient
R=0.99998) as:
s αð Þ≈0:5 + 0:27548 α1:2765 + 0:18211 α7:0168 ð6Þ
Fig. 1 conﬁrms the accuracy of Eqs. (5) and (6) to interpolate the
numerical values of g and s tabulated in [23], respectively. It is evident
that g diverges as α approaches unity, i.e., as the substrate modulus
becomes negligibly small compared to the coating modulus. This
situation in fact corresponds to the case where the polymer substrate
softens upon heating. The consequence is a reduction of COS⁎, which
scales in inverse proportion with the square root of g (Eq. (4)). The
knowledge of the temperature dependence of the elastic properties of
the coating and of the substrate, and of the coating toughness enables
the calculation of the COS⁎ using the above set of equations.
2.2. Calculation of the temperature-dependent internal coating strain
The internal strain of coatings on polymer substrates arises from a
combination of effects [26]. Coating deposition strain (intrinsic strain)
is temperature independent [27], but other contributions vary with
temperature, these being: the strain resulting from the mismatch in
thermal expansion coefﬁcients of the coating and the substrate
(thermal strain), shrinkage of the substrate due to molecular
relaxation at temperatures above the glass transition (shrinkage
strain) [28,29] and the hygroscopic evolution with temperature
(hygroscopic strain) [30,31].
In the present approach the temperature-dependent strains were
grouped using an effective substrate CTE (i.e. the details of the
expansion or contraction behaviour with increasing temperature
which will be shown in the following were disregarded). The CTE of
the coating layers was assumed to be independent of temperature
over the investigated range. The coating internal strain at a
temperature T was therefore expressed as:
εi Tð Þ = ∫
T
T0
αs xð Þ−αcð Þdx + εintrinsic ð7Þ
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substrate, αc is the CTE of the coating and T0 is the coating deposition
temperature. The knowledge of εintrinsic and of these CTEs enables the
calculation of εi(T) using Eq. (7).
3. Materials and experimental methods
3.1. Materials
Two types of coated polymer ﬁlm were analysed. The ﬁrst
consisted of a coating of a 209 nm thick silicon oxide based layer
(OXI) deposited at 25 °C onto a substrate of 75 μm thick polyethylene
terephthalate (PET, Melinex 506, DuPont-Teijin Films). This sample
was designated OXI/PET. The second sample type consisted of a tri-
layer coating, comprising a 0.8 μm thick indium tin oxide (ITO) layer, a
0.23 μm thick amorphous silicon (aSi:H) layer and a 0.1 μm thick
aluminium (Al) layer, on a 50 μm thick polyethylene naphthalate
substrate (PEN, TEONEX, DuPont-Teijin Films). The deposition
temperature was close to 150 °C for the different layers. This sample
type was developed for photovoltaic applications, and is designated
PV/PEN. For each sample, the substrate was labelled with the machine
direction, corresponding to the roll direction during manufacturing.
The tests described in this work were systematically carried out along
the machine direction. The multi-layers comprising the PV coating
are considered as a single layer (PV) for the purpose of the work
presented here, as fracture of one of the layers was considered as
failure of the coating.
3.2. Thermo-elastic properties
The Young's modulus and effective CTE of the substrates were
measured as a function of temperature using a dynamic mechanical
analyser (DMA, TA instruments, Q800) in the tensionﬁlm conﬁguration.
For both measurements, a rectangular sample was used, 5 mm wide,
clamped at a length of 20 mm. The heating rate was set at 5 K/min. A
static force of 1 mNwas applied to the sample for the CTEmeasurement,
the minimum applicable by the DMA, which was used as a dilatometer.
The strain resulting from the application of this static force was below
510−6 and 210−5 for the PET and PEN, respectively, even at the highest
considered temperatures, so that creep effects were negligible. For the
modulusmeasurement, a strain rate of 0.001 s−1 and a low frequency of
1 Hz were used, which provided a ﬁrst order approximation of the
Young's modulus. The Poisson's ratio of the PET and PEN substrates was
taken to be equal to 0.45 and 0.37, respectively, from themanufacturer's
data. Due to the coatings, in the case of both OXI and PV, being of an
inorganic nature, their Young's modulus, Poisson's ratio and CTE were
assumed tobe independent of temperature over the range considered in
this paper, and are summarized in Table 1. The Young's modulus of the
OXI coatingwas obtained fromnanoindentation, using a glass substrate.
The Young's modulus of the Al, aSi:H and ITO layers which form the PV
stack were calculated from the moduli of uncoated and coated PEN
substrates, using tensile test measurements and the classical laminate
theory. The other elastic data in Table 1 were taken from literature or
assumed, and the corresponding elastic properties of the PV trilayer
were calculated from the properties of each layer using the rule ofTable 1
Thermo-elastic data of inorganic coatings.
Layer Thickness
(nm)
Young's modulus
(GPa)
Poisson's ratio CTE
(10−6 K−1)
OXI 209 128 0.235 15
Al 100 70 0.345 23.5
aSi:H 230 125 0.25 6
ITO 80 115 0.15 10
PV 410 110 0.25 12mixtures. The CTE data of the OXI and PV coatings were obtained from
the modelling of the internal strain data as detailed later in the paper.
The CTE values of the Al, aSi:H and ITO layers were taken from
the literature. The calculation for the CTE of the PV stack from these
three values using a laminate approach [32] would give a value of
1010−6 K−1, which is very close to the ﬁtted CTE value.
3.3. Determination of the coating internal strain
Two alternative approaches were considered to obtain the internal
strain of the coatings as a function of temperature, namely the analysis
of the curvature of the coated substrates, and the application of Eq. (7)
with the effective substrate CTE obtained by dilatometry.
In the curvature method, the internal strain was calculated from
the radii of curvature of the ﬁlms with and without the coating layers
at selected temperatures, following the analysis of Röll [33]:
εi =
1−νc
Ec
·
−Es h2s
6 1−νsð Þhc
1 +
hc
hc
4
Ec
Es
−1
  
·
1
R2
− 1
R1
 
ð8Þ
where hs is the substrate thickness, R1 is the radius of curvature of the
uncoated substrate and R2 is the radius of curvature of the coated
substrate. The usual convention, where compressive stresses are
negative was adopted. To obtain the radii of curvature at different
temperatures, strips measuring 40 mm by 5 mm were cut from the
sample foil, the longer dimension systematically in the machine
direction. These strips were placed in a temperature controlled oven
on a stand consisting of two polytetraﬂuoroethylene posts, 30 mm
apart. The posts were shaped to minimise the contact area with the
sample and thus reduce friction, allowing the sample to curve freely. A
series of images were taken of the curved ﬁlms over a range of
temperatures up to 180 °C and the displacement from the horizontal
plane measured using digital image analysis. The displacements were
measured in both a coating up and coating down conﬁguration to
negate gravity effects and were then used to calculate the radius of
curvature of the ﬁlm. The coating strain was thence calculated using
Eq. (8) from the average of the calculated radii from four samples cut
from the same foil to ensure accuracy.
In the dilatometry method, the internal strain was determined
from the substrate CTE data using Eq. (7) with the CTE of the coatings
reported in Table 1 and their intrinsic strain determined from the
curvature method at their respective deposition temperature.
3.4. Fragmentation test
In the fragmentation test, the evolution of crack patterns in a
brittle coating is monitored as a function of the uniaxial tensile load
applied to the substrate [14]. Modelling of the experimental data gives
access to the coating cohesive properties, which control cracking, and
its adhesive properties, which control delamination. In the work
presented here, the COS, deﬁned as the strain at which the ﬁrst cracks
in the brittle coating start propagating, as a function of temperature
was the focus. Rectangular samples, of gauge length 16 mm andwidth
5 mm were carefully cut from the foils along the machine direction
using a razor blade. Tests were conducted in-situ under an optical
microscope (Olympus BX60) using aminiature tensile testing apparatus
(Linkam TSTE 350), equippedwith a 200 N load cell. The nominal strain
rate was 6.2×10−5 s−1. Contactless video extensometry was used to
overcome machine compliance effects with the accuracy of the
measured strain greater than 10−3. Ink markers of dimension equal to
approximately 100 μmwere drawn on the uncoated side of the polymer
ﬁlm and the change in the position of the centre of gravity of these
markers allowed a precise measurement of the strain applied to the
sample (see [20] for details). The apparatus had a sealed chamber
testing environment, equipped with a heating element, allowing
fragmentation tests to be carried out at a range of temperatures with
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original set-up, with the dual function of providing greater thermal
stability inside the sample chamber, and protecting the objective lens of
the microscope from excessive heat. OXI/PET samples were tested at
25 °C, 50 °C, 80 °C, 110 °C, 140 °C and 170 °C and PV/PEN samples were
tested at 25 °C, 50 °C, 75 °C, 95 °C, 125 °C and 150 °C.Fig. 3. CTE vs. temperature for PET and PEN substrates.4. Results and discussion
4.1. Inﬂuence of temperature on thermo-elastic properties
The Young's modulus and effective CTE for each of the substrates
were determined as a function of temperature, and are displayed in
Figs. 2 and 3, respectively. Themodulus of PENwas higher than that of
PET over the whole range. As expected for such substrates, the
modulus decreased with increasing temperature, exhibiting a large
decrease around the glass transition of the polymer, equal to 80 °C for
PET, and 125 °C for PEN.
The CTE of the two polyester substrates showed a positive, roughly
linear increase with increasing temperature up to a point (around
100 °C for PET and 180 °C for PEN) where it presented an inﬂection,
and after which it became strongly negative. Above 100 °C, any water
present in the polymer will strongly desorb from the sample, leading
to a shrinkage of the substrate. Similarly, above the glass transition
temperature, the molecules may relax their process-induced orienta-
tion state, and a shrinkage phenomenon results. These shrinkage
effects were considered to be responsible for the change in CTE
displayed for the substrates.4.2. Inﬂuence of temperature on crack onset strain
The experimentally determined COS of OXI coatings on PET and PV
coatings on PEN are shown as a function of temperature in Fig. 4. At
ambient temperature, the PV coating displayed a COS equal to 1.16%, a
factor of two higher than the COS of the OXI coating equal to 0.53%. As
the temperature increased, the two coatings initially showed similar
behaviour, i.e. the COS decreased. In both cases the measured COS at
150 °C, was approximately half the value obtained at ambient
temperature. The OXI/PET sample was tested to higher temperatures,
and unexpectedly, at 170 °C, the COS of the OXI coating showed an
increase from the value measured at 140 °C. The large inﬂuence of
temperature shown by both sample types reﬂected the build up of
tensile thermal stresses resulting from the CTEmismatch between the
constituents. It was also the consequence of the increasing elastic
contrast with increasing temperature, as detailed in the following.Fig. 2. Young's modulus vs. temperature for PET and PEN substrates.4.3. Inﬂuence of temperature on coating internal strain
Fig. 5 compares the values for the internal strain of the OXI and PV
coatings obtained using the curvature and dilatometry methods.
Considering ﬁrst the OXI/PET samples, the coating internal strain was
neutral at ambient temperature, which represented the intrinsic
strain since deposition was carried out at this ambient temperature.
As the temperature increased, up to approximately 100 °C, an
increasing internal strain to slightly more than 0.1% was observed.
The CTE of the PET was positive over this range, and as such, the
greater expansion of the substrate compared to the coating resulted in
the coating experiencing a gradually increasing tensile strain. Above
100 °C, the internal strain measurements showed a marked decrease,
which manifested itself as a change in curvature direction upon
heating an unconstrained ﬁlm. Around 140 °C, the shrinkage effects
became dominant, and the coating layer changed from being under
tension to a compressive state, which increased in magnitude with
increasing temperature. The data obtained from the curvature
measurements are compared with the prediction from the dilatom-
etry measurements (Eq. (7)), using T0=20 °C, an εintrinsic=0 and an
adjustable αc value found to be equal to 1510-6 K-1. The prediction
was very good up to 100 °C, and less accurate at higher temperatures
but the overall trend was well reproduced. Clearly, the shrinkage of
the PET substrate above 100 °C controlled the relaxation of the tensile
strain and subsequent build up of a compressive strain in the OXI
coating.
The internal strain measurements of PV coatings on PEN displayed
a similar trend. The coating was under a 0.2% compressive strain at
room temperature, which relaxed with increasing temperature overFig. 4. Experimentally determined COS for OXI coatings on PET and PV coatings on PEN
as a function of temperature. Dotted lines are provided as a guide for the eye.
Fig. 5. Inﬂuence of temperature on internal strain of OXI coatings on PET (dots: values
calculated using the curvature method; solid line: values calculated using the
dilatometry analysis) and PV coatings on PEN (triangles: values calculated using the
curvature method; dotted line: values calculated using the dilatometry analysis).
Fig. 7. Elastic contrast function g(α;β) vs. temperature for OXI coatings on PET and PV
coatings on PEN.
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the value as at 25 °C. This latter value of −0.1% represents the
intrinsic strain in the PV stack. The present behaviour had similar
origins to the increase in strain for the OXI coatings on PET as
described above. The build up of a tensile strain implies that the CTE of
the PV stack was lower than that of the PEN substrate. The prediction
from the dilatometry analysis (using T0=150 °C, εintrinsic=−0.1%
and adjustable αc=1210-6 K-1) shows a very good agreement, the
difference being less than 210-5 over the investigated range.
Interestingly, the dilatometry analysis predicted that the thermal
stress increased up to 200 °C and then decreased due to the shrinkage
of the substrate at high temperature to a compressive strain close to
0.4% at 230 °C. We would also like to point out that the present
approach enables the estimation of the CTE of such sub-micron
coatings.
Fig. 6 compares the measured COS with calculated COS using
Eqs. (1) and (7), assuming that the intrinsic COS⁎was independent of
temperature (i.e., disregarding the role of elastic contrast). This ﬁgure
shows the inﬂuence of the temperature-dependent internal strain on
the COS, for different values of COS⁎. It is evident that, for both types of
ﬁlms, no agreement could be achieved over the whole temperature
range. The change of COS with temperature was thus not onlyFig. 6. Comparison between measured COS (dots) and calculated COS using Eqs. (1)
and (7) (solid lines) assuming temperature independent COS*. Different COS⁎ values are
tested, for the OXI/PET ﬁlms (COS⁎ in the range of 3 to 610−3 as indicated) and PV/PEN
ﬁlms (COS⁎ in the range of 4 to 1010−3 as indicated).dependent on the internal strain, but was also attributed to the elastic
contrast and related energy release rate for cracking, which follows.
4.4. Inﬂuence of temperature on intrinsic crack onset strain
Fig. 7 shows the values of g for both composite materials as a
function of temperature. These data were calculated from the
substrate modulus values shown in Fig. 2 and coating modulus data
from Table 1, using Eqs. (3), (5) and (6). Quite clearly, the function g
mirrored the temperature dependence of the modulus. It was close to
5 for both polymers at room temperature, and increased threefold in
the case of the OXI/PET ﬁlm at 170 °C, and ﬁvefold in the case of the
PV/PEN ﬁlm at 230 °C. The implication of this large increase of the ERR
is that COS⁎, hence COS, will decrease with increasing temperature
due to the softening of the polymer substrates upon heating.
Eq. (4) was then used with these g values to calculate the
temperature dependence of COS⁎. The minimum ﬂaw length required
for the applicability of Eq. (4) was estimated as 2πhcg/3 [34]. It was
found to be in the range from 6 μm to 18 μm for the OXI coating, and
from 9 to 45 μm for the PV coating, depending on temperature. These
values are comparable with the sizes of micrometric defects present in
the investigated coatings such as pin-holes and microcracks (approx-
imately 1–10 μm in the OXI coatings, and 5 to 50 μm in the PVFig. 8. Comparison between measured COS (dots) and calculated COS using Eqs. (1)
and (4) (solid lines) assuming zero internal strain. Different coating toughness Gc
values are tested, for the OXI/PET ﬁlms (Gc in the range of 3 to 10 mJ/m2 as indicated)
and PV/PEN ﬁlms (Gc in the range of 15 to 50 mJ/m2 as indicated).
Fig. 9. Predicted COS (solid line) vs. measured COS (dots) for OXI/PET ﬁlms as a function
of temperature. Internal strain and COS⁎ predictions are also shown.
4254 J.H. Waller et al. / Thin Solid Films 519 (2011) 4249–4255coatings). The calculated COS* is shown in Fig. 8 for a range of coating
toughness Gc and compared with the measured COS values for the
two types of ﬁlms. In both cases COS* decreased with increasing
temperature. The inﬂuence of the glass transition is visible although
not as strongly as for the modulus (Fig. 2) and g (Fig. 7) due to the
square root scaling. Nonetheless, the inﬂuence of the increasing
elastic contrast between the stiff coating and the increasingly softer
substrate is considerable. However, no Gc value provided a good ﬁt to
the data, especially for the OXI coatings. It is therefore clear that the
COS⁎ alone does not offer a good prediction of the COS, as we have
shown a marked change in the magnitude of the internal strain in the
sample at elevated temperatures, which is not accounted for in the
COS* calculation.
4.5. Validation of the COS(T) model
The validity of Eqs. (1), (4) and (7) to predict the COS of the OXI
and PV coatings on the polymer substrates from the thermo-elastic
properties of the constituents is tested in Figs. 9 and 10, respectively.
Comparing the trend in internal strain to the measured COS, we see
that the curves have an approximatelymirror-image form. An increase
in tensile internal strain was obviously linked to a corresponding
decrease in the COS, and an increase in compressive strain had a
corresponding increase in COS. As for the COS⁎, the toughness values of
the coatings were not available and were instead ﬁtted to the
experimental COS(T) data. For the OXI coating the best ﬁt was
obtainedwith a toughness Gc=7 J/m2,which is consistentwith values
reported for fused silica, in the 3–8 J/m2 range [35]. For the PV/PEN
samples, the value of Gc was determined to be 20 J/m2. This value is
also consistent with the toughness of the aSi:H layer, the most brittleFig. 10. Predicted COS (solid line) vs. measured COS (dots) for PV/PEN ﬁlms as a
function of temperature. Internal strain and COS⁎ predictions are also shown.layer in the stack, calculated to be equal to 16.0 J/m2 from its COS and
internal strain (obtained with a single layer aSi:H coating on the PEN
substrate) using Eq. (4).
The predictive accuracy of the model is very high for the two types
of coated ﬁlms. Themodel correctly reproduced the observed increase
of COS above 140 °C for the OXI/PET samples, and predicted a similar
behaviour at higher temperatures for PV/PEN samples. The approach,
which combines g(α;β) and εi as a function of temperature therefore
provides a robust tool to predict the inﬂuence of temperature on
critical strain in brittle coatings on polymer substrates, and hence
develop safe process windows for the deposition of such coatings and
their conversion into ﬁnal device applications.
5. Conclusions
The COS for brittle inorganic coatings on polymer substrates is
strongly affected by the temperature, due to the combined action of
substrate softening and expansion behaviour on heating. Below the
Tg of the polymer the COS decreases with increasing temperature
whereas above the Tg the opposite effect may occur. The factors
controlling this effect were determined through analysis of the
temperature dependence of the substrate modulus and related elastic
contrast with the coating layer, and the temperature dependence of
the coating internal strain. The effects of the residual strains in the
coating as a function of temperature; a combination of intrinsic strains
and thermal expansion, and the elastic contrast effects that arise
between the brittle coating and the polymer substrate to determine
the intrinsic crack onset strain were analysed. A model was developed
to account for these assumed contributions to the COS, to enable for
any thin ﬁlm composite system with known material properties, the
COS at any given temperature to be predicted. The approach was
tested against two different types of thin inorganic coatings on
polymer substrates. It was found to be accurate and correctly predict
the complex temperature dependence of the COS of the investigated
materials. It moreover enabled the estimation of the CTE and
toughness of the sub-micron thick coatings.
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